The macromolecular accessibility of the paclitaxel binding site in microtubules has been investigated using a fluorescent taxoid and antibodies against fluorescein, which cannot diffuse into the microtubule lumen. The formation of a specific ternary complex of microtubules, Hexaflutax 
M
؊1 s ؊1 at 37°C), indicating that the fluorescein groups of Hexaflutax are exposed to the outer solvent. The velocity of the reaction is linearly dependent on the antibody concentration, indicating that a bimolecular reaction is being observed. Another fluorescent taxoid (Flutax-2) bound to microtubules has also been shown to be rapidly accessible to polyclonal antibodies directed against fluorescein. A reduced rate of Hexaflutax quenching by the antibody is observed in microtubule-associated proteins containing microtubules or in native cellular cytoskeletons. It can be concluded that the fluorescent taxoids bind to an outer site on the microtubules that is shared with paclitaxel. Paclitaxel would be internalized in a further step of binding to reach the known luminal site, this step being blocked in the case of the fluorescent taxoids. Because the fluorescent ligands are able to induce microtubule assembly, binding to the outer site should be enough to induce assembly by a preferential binding mechanism.
The paclitaxel (Taxol®, Bristol-Myers Squibb) binding site of microtubules (1, 2) is emerging as a ubiquitous target for substances extracted from many types of different organisms, including prokaryotes (epothilones from Sorangium cellulosum) (3) and eukaryotes, both vegetal (paclitaxel from yew) (4) and animal (discodermolide from sea sponges and eleutherobin from coral) (5, 6) . These compounds, called microtubule-stabilizing agents, bind to microtubules, stabilize them, and block their dynamics, thus disrupting cell division. Subsequently, because they block cell division they are useful as antitumor drugs. Paclitaxel and its derivatives are the main choices for the chemotherapy of ovarian cancer, metastatic breast cancer, head and neck cancer, and lung cancer (7) .
The location of the paclitaxel binding site of microtubules has been the object of research for a decade. Early low resolution microtubule models placed the paclitaxel binding site in between the protofilaments of microtubules (8) . A compatible location was observed in the projection difference map of zincinduced tubulin sheets at 6.5 Å resolution (9) . This location of the binding site would have been compatible with the currently established facts that taxoids are able to access their binding site very rapidly (10 -12) and that taxoids do not bind to unassembled tubulin (13) (which suggests that the interprotofilament contact might be necessary for the existence of the binding site).
The quest for the location of the binding site got a first answer from the atomic structure of tubulin. Tubulin had been an elusive protein for high resolution structural studies; its inhomogeneity and instability precluded the determination of its three-dimensional structure until the late nineties. In the brilliant study of Nogales et al. (14) , the structure of tubulin was solved by electron crystallography of paclitaxelstabilized zinc-induced tubulin sheets, a polymer of tubulin whose topology is different from that of microtubules (15) . Although both microtubules and zinc sheets are composed of protofilaments that consist of tubulin dimers aligned head to tail, in the case of microtubules, protofilaments associate laterally and close to give a cylinder whose number of protofilaments ranges from 11 to 16 (8, 16, 17) . In the case of the zinc-induced sheets, protofilaments associate in an antiparallel way, resulting in a flat sheet that is suitable for two-dimensional electron crystallography (9) .
The protofilament structure directly determined from the zincinduced sheets was fitted into electron microscopy density maps of microtubules (18, 19) to obtain pseudo-atomic resolution maps of microtubules (19 -21) . The constructed models are supported by the 8 Å three-dimensional reconstruction of microtubules from cryoelectron microscopy (22) . Because the zinc-induced sheets employed included paclitaxel as stabilizer, the location of the paclitaxel binding in the microtubules was thus known. Surprisingly, the translation of the zinc sheet protofilaments into microtubules results in a paclitaxel binding site inside the lumen of the tube, hidden from the outer solvent (20) .
The kinetics of binding of several taxoids (including paclitaxel) to their site in the microtubules was subsequently determined (11, 12) . The association rate constant of paclitaxel to stabilized microtubules assembled from pure tubulin is very high (3.6 ϫ 10 6 M Ϫ1 s Ϫ1 ), being an order of magnitude slower for MAP 1 -stabilized microtubules and for native cytoskeletons of PtK2 cells (12) . Because a binding site hidden in the microtubule lumen should severely restrict accessibility of the ligands to their target, these results were apparently contradictory with the observed location of the binding site. These kinetic constants are incompatible with any kind of passive diffusion through a pore on the microtubule surface as big as 25 Å diameter (12) . The binding reaction of taxoids to microtubules is diffusion-controlled, indicating that the observed binding step is not restricted, and so it corresponds to the binding of the ligand to an exposed site. Because binding is slowed down by a factor of 10 by the presence of MAPs that bind to the microtubule outer surface, the kinetic evidence points to a primary binding site accessible on the microtubule surface.
To reconcile the kinetic data with the structural and biochemical evidence of a paclitaxel binding site placed in the microtubule lumen (20, (23) (24) (25) (26) (27) (28) , an external initial binding site together with a hypothetical transport mechanism toward the internal binding site have been proposed (12) . In this model, taxoids would bind to a putative binding site located in one of the two different types of pores existent in the B-lattice of the microtubules (pore type I, closer to the site in the lumen), being later transported to the luminal site. In this hypothetical mechanism, binding to the external and luminal sites should be mutually exclusive because only 1.0 taxoid molecules bind/tubulin dimer. This could be accomplished if both sites share an element that switches between the two alternative binding sites.
The purpose of this study is to obtain direct evidence of the existence of an external taxoid binding site. To do so, the accessibility of microtubule-bound taxoids to a large macromolecule (an antibody) has been probed, employing fluorescein derivatives of paclitaxel (Flutax-1, Flutax-2, and Hexaflutax) and polyclonal and monoclonal antibodies against the fluorescein moiety. Because it is impossible for a large molecule like an antibody to fit through any realistic pore in the microtubule wall, taxoid molecules bound to the luminal site of the microtubules will be protected from antibodies. Taxoid molecules bound to a site on the surface would react with the antibody, so providing evidence of an exposed taxoid binding site.
In this study, the existence of a specific ternary complex of microtubules, Hexaflutax, and 4-4-20 (a monoclonal antibody against fluorescein) has been observed by means of sedimentation and electron microscopy, providing direct evidence of the existence of an external binding site for the ligand. Further kinetic evidence is given by the kinetics of binding of the antibody to microtubule-bound Hexaflutax, which is fast, indicating that the fluorescein groups of the ligand are homogeneously exposed to the outer solvent. From these results it can be concluded that these fluorescent taxoids bind to an outer site on the microtubules which is shared with paclitaxel.
MATERIALS AND METHODS
Tubulin, Taxoids, and Antibodies-Purified calf brain tubulin and chemicals were as described previously (29) . For glycerol-induced assembly, tubulin was equilibrated directly in 10 mM phosphate, 1 mM EGTA, 0.1 mM GTP, 3.4 M glycerol, pH 6.8, buffer. All tubulin samples were clarified by centrifugation at 50,000 rpm, 4°C, for 10 min using TL100.2 or TL100.4 rotors in Beckman Optima TLX centrifuges. After centrifugation 6 mM MgCl 2 and up to 1 mM GTP were added to the solution, final pH 6.5 (glycerol assembly buffer, GAB). Microtubule protein, containing tubulin and MAPs, was prepared in microtubular protein assembly buffer (AB) (100 mM Mes, 1 mM EGTA, 1 mM MgSO 4 , 2 mM 2-mercaptoethanol, 1 mM GTP, pH 6.5), as described previously (30) . Stabilized mildly cross-linked microtubules were prepared as described previously (11, 12, 31) 
paclitaxel) were synthesized as described previously (11, 32) . 7-Hexaflutax (7-O-{N-[6-(fluorescein-4Ј-carboxamido)-n-hexanoyl]-L-alanyl}paclitaxel) was synthesized by the reaction of 5 mg of 7-O-[L-alanyl]paclitaxel with a 50% excess of 6-(fluorescein-4Ј-carboxamido)-n-hexanoic acid succinimidyl ester (Molecular Probes, Eugene, OR) using basically the same procedure. The structures of the ligands are shown in Fig. 1 (10)). Taxoids were dissolved in dimethyl sulfoxide, and their concentrations were measured spectrophotometrically as described previously (10, 12, 29) except for the Hexaflutax concentration, which was measured in 0.5% SDS, 50 mM sodium phosphate buffer, pH 7.0, employing an extinction coefficient of ⑀ 458 24,200 Ϯ 600 M Ϫ1 . The solubility of Hexaflutax in GAB in the absence of tubulin was found to be of the order of 10 M. Docetaxel (Taxotere®); was kindly provided by Rhône-Poulenc Rorer (Antony, France). Antifluorescein polyclonal rabbit IgG and 4-4-20 antifluorescein monoclonal mouse IgG (33) were gifts from Prof. Edward W. Voss Jr. (University of Illinois at Urbana-Champaign). They were concentrated by precipitation with 50% ammonium sulfate, centrifuged for 25 min at 19,000 rpm in a SS-34 rotor employing a Sorvall RC-5B centrifuge, and the pellets were resuspended in 10 mM phosphate and 150 mM NaCl, pH 7.0. The remaining ammonium sulfate was eliminated with a gel filtration chromatography (HiTrap desalting, Amersham Biosciences) in the same buffer, and finally the antibodies were concentrated using Centricon 10 concentrators (Amicon, Bedford, MA) and kept at Ϫ80°C until used. Prior to the measurements the concentration of sites in the polyclonal antibody was carefully titrated with fluorescein, Flutax-1, Flutax-2, and Hexaflutax, 20% of the total IgG was found to be active against fluorescein. The IgG fraction of a nonimmune rabbit serum was purified as described previously (34) and concentrated as the other IgGs. P11E12 (anti-␤-tubulin N-terminal) and P12E11 (anti-␣-tubulin C-terminal) mouse monoclonal IgGs were obtained as described previously (35) (36) (37) . MOPC 21-purified mouse IgG was from Sigma.
Cosedimentation Assay of Ternary Complex Formation-10 M GTPtubulin in PEDTA 7 GTP buffer (10 mM sodium phosphate, 1 mM EDTA, 7 mM MgCl 2 , 1 mM GTP, pH 6.7) in the presence of 12 M Hexaflutax was incubated at 37°C for 30 min, in the presence or absence of 12 M 4-4-20 monoclonal antibody and 100 M docetaxel; alternatively, 4 M paclitaxel binding sites in preassembled cross-linked microtubules (4.5 M) in GAB were incubated for 1 min at 25°C with the desired reactives. The samples were immediately centrifuged for 20 min at 50,000 rpm in a TLA 100 rotor, employing a Beckman Optima TLX ultracentrifuge. The supernatants were taken and the pellets carefully resuspended in 10 mM sodium phosphate, 1% SDS, pH 7.0, buffer. An aliquot of supernatants and pellets was diluted 1/5 in 10 mM sodium phosphate, 1% SDS, pH 7.0, buffer and incubated for 15 min at 80°C to dissociate the antibody-fluorescein complex. The fluorescence of the samples was measured in a Shimadzu RF-540 spectrofluorometer employing exc 495, ems 520 nm, 5 nm excitation and emission slits, to quantify the amount of ligand in supernatant and pellets. The supernatants and pellets were also diluted 1/2 in electrophoresis sample buffer, and the presence of antibodies in them was assayed with a nonreducing SDS-PAGE in 7.5% acrylamide gel.
Electron Microscopy of the Ternary Complex-A mixture of 4 M sites in cross-linked microtubules, 2 M Hexaflutax, and 2 M 4-4-20 antibody was adsorbed for 1 min to a copper grid covered with formvar and carbon. The grids were blotted and then incubated over a drop of GAM-10, a nanogold-labeled goat anti-mouse antibody (British Biocell International, Cardiff, UK), for 5 min. The grids were then washed with 5 drops of GAB and stained for 2 min with 2% uranyl acetate in water. The grids were observed in a JEOL JEM-1200-EXII microscope.
Fluorescence Spectroscopy and Anisotropy Measurements-Corrected fluorescence spectra were acquired with a photon counting Fluorolog-3-221 instrument (Jobin Yvon-Spex, Longiumeau, France), employing 1 nm excitation and 5 nm emission bandwidths, at 25°C. Fluorometric concentration measurements were made with a Shimadzu RF-540 spectrofluorometer. Anisotropy values were collected in the Fluorolog Tformat mode with vertically polarized excitation and corrected for the sensitivity of each channel with horizontally polarized excitation (38) .
Binding of Taxoids to Microtubules-Binding constants of Hexaflutax to microtubules were obtained using anisotropy titration measurements. 200 nM Hexaflutax in GAB was incubated for 30 min with increasing concentrations of binding sites in stabilized cross-linked microtubules (from 0 to 10 M) at the desired temperature, and the anisotropy of the solution was measured in a POLARSTAR BMG plate reader in the polarization mode, employing the 480-P excitation filter and the 520-P emission filters (38) . Alternatively, the binding constants of Hexaflutax and the 4-4-20-Hexaflutax complex were measured using a centrifugation assay. Samples of 1 M taxoid binding sites in cross-linked microtubules were incubated for 30 min at 25°C with different concentrations of Hexaflutax in the presence and absence of antibody. The samples were centrifuged for 20 min at 50,000 rpm in a TL100 rotor employing a Beckman TLX ultracentrifuge. The pellets and supernatants were diluted 1/5 in 10 mM sodium phosphate, pH 7.0, 1% SDS and warmed up at 95°C for 3 min to dissociate the Hexaflutax-antibody complex and their fluorescence measured employing a Shimadzu RF-540 spectrofluorometer (excitation wavelength 495 nm, emission wavelength 527 nm, 5 nm excitation and emission slits). The concentration of ligand in the samples was calculated using Hexaflutax spectrophotometric concentration standards.
Kinetics of Binding of Antibodies to Microtubules-The fast kinetics of binding of the 4-4-20 antibody to Hexaflutax bound to stabilized microtubules or free in solution was measured by the change of intensity of fluorescence using a Bio-Logic SF300S stopped flow device equipped with a fluorescence detection system with an excitation wavelength of 484 nm and a filter with a cutoff of 520 nm in the emission pathway. The fast kinetics of binding of the anti-fluorescein polyclonal IgG to Flutax-1, Flutax-2 bound to stabilized microtubules, was measured by the change of intensity of fluorescence using a High-Tech Scientific SS-51 stopped flow device equipped with a fluorescence detection system using an excitation wavelength of 492 nm and a filter with a cutoff of 530 nm in the emission pathway. The slow kinetics of binding of 4-4-20 antibody to Hexaflutax bound to MAPs containing microtubules was measured with a photon counting instrument Fluorolog-3-221 (Jobin Yvon-Spex, Longiumeau, France) with an excitation wavelength of 495 nm (0.1 nm band pass to prevent photolysis) and an emission wavelength 525 nm (5 nm band pass). The fitting of the kinetic curves was done with a nonlinear least squares fitting program based on the Marquardt algorithm (39); additionally the FITSIM package (40) was employed for the data shown in Fig. 4B .
Cytoskeletons and Fluorescence Microscopy-PtK2 potoroo epithelial like kidney cells were grown as described previously (41) . Coverslipattached PtK2 cytoskeletons were obtained as described before (12) . The cytoskeletons were dipped into 3 M Hexaflutax for 2 min, then they were washed eight times with 2 ml of PEMP (100 mM Pipes, 1 mM EGTA, 1 mM MgCl 2 , 4% polyethylene glycol, pH 6.8), changing the washing well after four washes, then incubated with either PEMP, 0. 
RESULTS

Binding of Fluorescent Taxoids to Microtubules and to Antibodies-
The structures of the fluorescent taxoids employed in this study are shown in Fig. 1 . The spectroscopy properties of free and microtubule-bound Hexaflutax were characterized in the different buffers employed in the study. Upon binding to microtubules, Hexaflutax undergoes a 40% reduction in its fluorescence intensity at 527 nm ( exc 495), no displacements of the emission or excitation maxima being observed. The anisotropy of the fluorescence increases from 0.06 to 0.18 upon binding, independently from the buffer employed.
The interaction of Hexaflutax with the paclitaxel site was characterized using sedimentation and fluorescence techniques. Hexaflutax binds to the paclitaxel binding site of microtubules, although with 60 times lower affinity than Flutax-1 and Flutax-2 (K a Hexaflutax, 27°C 9.6 Ϯ 1.12 ϫ 10
Ϫ1 (11) (fluorescence anisotropy data)), being displaced from the binding site by an excess of docetaxel (a closely related ligand with a higher solubility than paclitaxel). At the maximum free soluble concentration of Hexaflutax (ϳ10 M) 1 M binding sites in cross-linked microtubules bind stoichiometric amounts of the ligand, indicating only one high affinity binding site. From the above data it can be said that Hexaflutax is a bona fide probe of the paclitaxel binding site, as is the case for Flutax-1 and Flutax-2 (11, 12) .
The capability of the antibodies employed (a monoclonal IgG (4-4-20 (33) ) and a polyclonal IgG against fluorescein) to bind Flutax-1, Flutax-2, and Hexaflutax was characterized by measuring both the quenching of the fluorescence of the ligand and the increase in the anisotropy caused by its immobilization upon binding to the antibody. Although the polyclonal IgG is able to quench completely the fluorescence of the ligands, the monoclonal 4-4-20 antibody only does it partially (Flutax-1, 55% quenching; Flutax-2, 65% quenching; Hexaflutax, 80% quenching; Hexaflutax-microtubule complex, 77% quenching (86% if compared with the free Hexaflutax fluorescence)), probably because the paclitaxel moiety may interfere with the formation of the fluorescein-4-4-20 antibody complex. Additionally, although 1 M 4-4-20 quenches almost completely (more than 90% of the maximum observed quenching) 100 nM Hexaflutax, high concentrations of 4-4-20 (more than 5 M for 100 nM Flutax-1 or Flutax-2) are needed to obtain 50% of the maximum observed quenching, which indicates low affinity of Binding of Antibodies to Fluorescent Taxoids Bound to Microtubules-To measure directly the accessibility of fluorescent taxoids bound to microtubules to an antibody, cosedimentation experiments were performed. It was not possible to isolate a ternary complex between Flutax-1 or Flutax-2, microtubules, and antibody. When ligand-bound microtubules were incubated with the antibodies, the ligands dissociated from the microtubules and were found in the supernatant bound to the antibody. Because the linker between the paclitaxel and the fluorescein moiety of Flutax-1 and Flutax-2 (an alanine residue) is very short, and it might compromise the stability of the ternary complex for steric reasons, we used Hexaflutax, a fluorescent taxoid with an additional hexanoyl spacer between the fluorescein and the paclitaxel group. Fig. 2 (Gel 1) shows a nonreducing SDS-PAGE of pellets and supernatants of the cosedimentation experiments performed using Hexaflutax, stabilized microtubules, and 4-4-20 mouse antifluorescein monoclonal antibody. Control measurements showed that in the presence of only microtubules or ligands the antibody is only found in the supernatant (not shown). In the presence of microtubules and ligands (lanes B) a significant percentage (45 Ϯ 5%) of the antibody is present in the pellet, indicating the formation of a ternary complex. It is important to point out that the order in which the reagents are mixed is irrelevant for the result, as would be the case if the preformed 4-4-20-Hexaflutax complex were able to bind fast to the taxoid site in microtubules. If an excess of docetaxel or fluorescein (lanes C and D) is added to the solution, the antibody is only found in the supernatant (5 Ϯ 3% of the antibody in the pellet). If the cosedimentation experiment is performed with Flutax-1 or Flutax-2 instead of Hexaflutax, a very faint 4-4-20 band is seen in the pellet for the case of Flutax-1, and no 4-4-20 antibody bound to microtubules is observed when Flutax-2 is employed (not shown). Fig. 2 (Gel 2) shows the reactivity of microtubules with other monoclonal mouse IgGs (which are directed against C and N terminus of tubulin) and a control IgG. The P12E11 antibody (against ␣ C-terminal (430 -443)) shows a strong reactivity against microtubules (33 Ϯ 5% of the antibody in the pellet) in agreement with previous results (35) . The P14B4 antibody (against ␤ N-terminal (1-13)) shows a weak nonspecific (because this epitope is occluded in the native microtubules) reactivity (8 Ϯ 5% of the antibody in the pellet).
The control MOPC 21 antibody shows a weak nonspecific reactivity as well (10 Ϯ 3% of the antibody in the pellet). Similar results are obtained employing noncross-linked microtubules that were assembled by Hexaflutax, so they have stoichiometric amounts of the ligand bound (Fig. 2 (Gel 3) , 42 Ϯ 5% of the antibody in the pellet in the absence of docetaxel, 7 Ϯ 5% of the antibody in the pellet in the presence of docetaxel).
When the ternary complex microtubule-Hexaflutax-4-4-20 antibody is incubated with an immunogold-labeled goat antimouse antibody, nanogold spheres can been seen associated to the walls of the microtubules (Fig. 3) . To confirm the specificity of the binding, the ternary complex was incubated with a large excess of docetaxel prior to the addition of the labeled antibody, and the density of nanogold beads in the presence and absence of docetaxel was quantified. In the absence of docetaxel (Fig.  3A) 211 linear m of microtubules on a 706 m 2 field were examined, 137 beads were found on the microtubules (0.65 beads/m), and 84 spheres were found as background (0.12 beads/m 2 ). In the presence of 100 M docetaxel (Fig. 3B ) 376 linear m of microtubules in a 1,075 m 2 field were examined, 41 beads were found bound on microtubules (0.11 beads/m), and 142 spheres were found as background (0.13 beads/m 2 ). Representative micrographs are shown in Fig. 3, A and B Three phenomena affecting the fluorescence are expected to occur: (a) the quenching of the free Hexaflutax (because the affinity of Hexaflutax for its binding site is relatively low, a significant percentage of the Hexaflutax will be free in solution); (b) the quenching of the Hexaflutax bound to its site in the microtubules; (c) the reshuffling of Hexaflutax/site binding equilibrium because of the difference in affinity between the free Hexaflutax and the antibody-Hexaflutax complex for the site in the microtubules.
To be able to identify the three processes in the quenching curve, appropriate experiments were done to characterize them. First, the kinetic rate of binding of the 4-4-20 antibody to free Hexaflutax was measured (Fig. 4A) . The free Hexaflutax is , fitting the data to the sum of three exponentials (green, red, and blue lines). Data were corrected for the observed photobleaching (3%). Upper inset, residues between the experimental and the fitting curves (cyan line residues to the three-exponential fitting, orange line residues to a two-exponential fitting). Lower inset, dependence of the observed kinetic rate of the second phase (red line) on the concentration of 4-4-20 IgG. compared with that of the free Hexaflutax at the same temperature using the centrifugation assay, the values obtained were When mixed in the stopped flow device, the fluorescence of the microtubule-bound Hexaflutax fluorescence is quenched very rapidly by the 4-4-20 antibody. Adequate negative controls with an irrelevant IgG (MOPC 21) showed a fluorescence change similar to that of the buffer (Fig. 4B, dotted line) within the time range of the experiment, indicating that a slow dissociation of the complex caused by dilution is observed. When the kinetic curves of bound Hexaflutax fluorescence quenching by 4-4-20 (Fig. 4B) are analyzed three kinetic phases are observed. (a) A very fast initial phase whose rate is linearly dependent on the 4-4-20 concentration, indicating that a bimolecular reaction is observed. The kinetic rate constant determined at 37°C for this fast phase, which accounts for a 29 Ϯ 8% of the total amplitude, is 1.10 Ϯ 0.18 ϫ 10 Fig. 4B . Because the cosedimentation experiments suggest the existence of a transient ternary complex between the antibodies and the Flutax-1 and Flutax-2-microtubule complex, the kinetics of quenching of Flutax-2 by antibodies was measured (Fig. 5) . Even if the transient ternary complex is unstable, if the probe is exposed, it might be possible to observe a fast quenching of the fluorescence, which will indicate binding of the antibody to the microtubule-Flutax-2 complex. Because the short linker of Flutax-1 and Flutax-2 interferes with the binding of the 4-4-20 antibody to their fluorescent moiety, resulting in a lower percentage of quenching and a low affinity, we then employed the polyclonal IgG. When mixed in the stopped flow device, 90% of the Flutax-2 fluorescence is quenched very rapidly, following an exponential decay with an observed rate constant that linearly depends on the concentration of IgG (Fig. 5A, inset) . Adequate controls with nonimmune rabbit IgG were performed. The value determined for the binding rate constant at 37°C is 3.03 Ϯ 0.10 ϫ 10 6 M Ϫ1 s Ϫ1 . After the first fast phase, a slow decay of the fluorescence intensity of the sample can be observed (Fig. 5B, solid line) . The kinetics of this second phase is not dependent on the concentration of IgG, indicating a monomolecular reaction. The kinetic constant of this step at 37°C is 1.74 Ϯ 0.20 ϫ 10 Ϫ2 s Ϫ1 , very similar to the kinetic rate of dissociation of Flutax-2, 1.92 Ϯ 0.10 ϫ 10 Ϫ2 s Ϫ1 (11), suggesting that this second step may correspond to the dissociation of the antibody-Flutax-2 complex from microtubules (sedimentation experiments confirmed that Flutax-1 and Flutax-2 dissociate from microtubules after binding to polyclonal and 4-4-20 monoclonal antibodies (see "Materials and Methods"). Since Flutax-2 dissociation from microtubules does not significantly change its fluorescence intensity, the kinetics of dissociation of Flutax-1 from microtubules in the same conditions, whose kinetic rate (k ϭ 1.79 Ϯ 0.07 ϫ 10 Ϫ2 s Ϫ1 ) is almost identical to that of Flutax-2 (11), is shown for comparison purposes (Fig. 5B, dotted line) .
It is interesting to point out that for the different antibodyfluorescein complexes with Flutax-2 and Hexaflutax the kinetic rate of binding is very similar in both cases (2-3 ϫ 10 6 M Ϫ1 s Ϫ1 ). This indicates that the same kinetic step should limit the binding reaction. The diffusion limit for the binding of a large molecule like an antibody (approximately 60 Å R g ) to a large rod like a microtubule (11) should be of the order of 10
at 37°C. Since the determined association rates are close to these limit and they are very similar, it is reasonable to propose that the quenching reactions are diffusion-controlled, which indicates a similar exposition of the epitope, i.e. the fluorescein, independently of the linker.
To confirm that cross-linking is not affecting the accessibility of the antibodies to Hexaflutax and Flutax-2, controls were done with noncross-linked microtubules. In those microtubules the ligands are added to dimeric tubulin prior to assembly, the association rate constants measured being similar to those observed using cross-linked ones.
Kinetics of Binding of Antibodies to Bound Hexaflutax in the Presence of MAPs-To determine whether surface-bound MAPs affect the accessibility of bound Hexaflutax, kinetic studies were performed using microtubules stabilized by MAPs instead of cross-linked microtubules. Fig. 6 shows the time course of binding of 4-4-20 antibody to microtubules assembled from microtubular protein in AB. It can be noticed that the quenching is much slower than that of Hexaflutax bound to crosslinked microtubules. The kinetics is linearly dependent on the antibody concentration, indicating a bimolecular reaction. The kinetic rate constant measured at 37°C was 5.9 Ϯ 0.1 ϫ 10 4 M Ϫ1 s Ϫ1 , which is 40 times slower than that observed for crosslinked microtubules in GAB. Additionally, since the observed kinetic rates of Hexaflutax quenching in our experimental conditions (Fig. 6 ) are of the same order of magnitude as the dissociation rate constant of Hexaflutax at 37°C (10.7 Ϯ 0.2 ϫ 10 Ϫ2 s Ϫ1 ), 2 a necessary sedimentation control was performed. Essentially all Hexaflutax remains specifically bound to microtubules after quenching (it dissociates after the addition of an excess of docetaxel). Adequate controls were also performed to discard any effects caused by the buffer composition.
Binding of Antibodies to Fluorescent Taxoids in Microtubule
Cytoskeletons-To check the accessibility of the antibodies to the probes in a more physiological situation, the kinetics of quenching of the fluorescence of ligands bound to native cytoskeletons from PtK2 cells at 25°C has been semiquantitatively characterized approaching pseudo first-order conditions, employing CCD-detected epifluorescence microscopy images (Fig. 7) . The plot of the averaged fluorescence intensity versus time shows an exponential partial decay of the fluorescence, the kinetics of the reaction being dependent on the concentration of antibody, which indicates a bimolecular reaction.
The half-life of the quenching process of Hexaflutax at 25°C by 1 M 4-4-20 monoclonal antibody is 60 s (k obs ϭ 8.5 ϫ 10 Ϫ3 s Ϫ1 ), which corresponds to a value of k ϩ ϭ 8.5 ϫ 10 3 M Ϫ1 s Ϫ1 , 250 times slower than that of quenching of Hexaflutax bound to in vitro microtubules assembled from pure tubulin and 7 times slower than the quenching of Hexaflutax bound to microtubules assembled from microtubular protein, although the latter value has been obtained at 37°C, which may explain the difference observed.
The accessibility of the bound Flutax-1 and Flutax-2 to antibodies was studied using the same polyclonal antibody employed previously. At 1 M and 25 M total antibody concentration (200 nM and 5 M antifluorescein antibody concentration) the process is very slow compared with the fast quenching observed with in vitro assembled microtubules (k obs approximately 10 Ϫ3 s Ϫ1 ) and independent of the antibody concentration, which discards a bimolecular reaction, suggesting that Flutax-1 and Flutax-2 are fully protected by the cytoskeletal MAPs and that the observed slow quenching is simply the result of dissociation of the ligands from the site.
Molecular Modeling-To visualize the accessibility of the fluorescent moiety of Hexaflutax bound to microtubules to a large molecule like an antibody, the ligand-microtubule complex has been modeled with the paclitaxel moiety bound to the luminal site (Fig. 8A) . In the modeled complex the fluorescein moiety lies in between the protofilaments, not being accessible to the antibody. To show the inaccessibility, the ternary complex between 4-4-20, Hexaflutax, and microtubules has been modeled as well (Fig. 8B) . Because no complete structure of the IgG is available, the structure of the Fab fragment (4FAB (43, 44) ) was used. The modeling shows that in the best possible conformation of the hexanoyl linker, the antibody would have to interpenetrate the tubulin to bind to the fluorescein moiety of the bound Hexaflutax.
DISCUSSION
The taxoid binding site in microtubules has recently been found to be the target of many chemically different drugs (microtubule-stabilizing agents). The location and nature of the taxoid binding site in microtubules have been the objects of intensive research in the last years. The site was initially mapped in the interprotofilament space (9), a location that would be compatible with the observed facts that it stabilizes the lateral interaction between protofilaments, alters the angle of contact between them, and the binding site only exists in microtubules and not in the soluble dimer (8, 9, (45) (46) (47) . But later, the high resolution model of microtubules, obtained by fitting the protofilament structure from electron crystallography of Zn 2ϩ -induced tubulin sheets, placed the binding site in the lumen of the microtubules (20) . This location of the binding site does not offer a straightforward explanation to the fact that the binding site exists only in the assembled tubulin. Additionally, such a location of the binding site would be relatively restrictive for the binding of paclitaxel to preassembled microtubules. Studies with fluorescent labeled ligands have shown that Flutax-1, Flutax-2, and Paclitaxel bind rapidly to micro- tubules assembled from pure tubulin, both cross-linked and native, to microtubules assembled from microtubular protein and to native cellular cytoskeletons (10 -12) . Although it has been suggested that the ligand may pass through pores or openings (20) , the size of any realistic pore in the microtubule wall is too small for the ligand to diffuse passively toward the lumen of the microtubule, and large openings would result in kinetic inhomogeneity of the samples, which has not been observed (11, 12) .
To potentially reconcile the kinetic binding results with the model structure of microtubules an alternative mechanism of binding has been proposed in which the taxoid site ligands bind to an external site at the microtubule pores, this being followed by a conformational change that facilitates ligand transport to the final luminal site (12) . The conformational change would move some of the residues of the binding site toward the lumen, canceling the outer binding site and creating the new inner binding site. In such a way the observed binding stoichiometry would be 1:1, and the sites would not exist in the unassembled tubulin because the inner site would not be complete, and the outer site would require the interprotofilament contact to be completed.
The Fluorescein Moiety of Fluorescent Taxoids Is Accessible to Antibodies-The accessibility of bound ligands to the solvent was tested by measuring the binding of a large molecule like an IgG to the prebound ligand. IgG molecules (R g 6 nm; 48) can hardly diffuse into the microtubule lumen (7.5 nm radius) through any possible fenestration in the microtubule wall. Diffusion from the microtubule ends would be impossible because the first molecule to bind would block the way. Modeling Flutax or Hexaflutax in the luminal site in the most exposed configuration ( Fig. 8 ) results in a configuration that is unreachable for an IgG, so any significant ternary complex detected has to have the ligand probe bound to an outer site.
The ternary complex antibody-microtubule-Hexaflutax can be detected both by SDS-PAGE of cross-linked and noncrosslinked microtubules and by the use of a gold-labeled secondary antibody. Because it is not possible for the antibody to enter the microtubules through any realistic fenestration, the existence of the ternary complex demonstrates the existence of an outer binding site for Hexaflutax, a bona fide fluorescent analog of paclitaxel, which is displaced from this binding site by docetaxel (Fig. 2, Gel 1 After confirming the existence of the outer paclitaxel binding site we wanted to know how much of the fluorescent ligand is bound to this external binding site and how much would be in the luminal site, to know the relevance of this external binding site in the final microtubule structure. To do so, it was necessary to know how much of the ligand bound is immediately accessible to the antibody. Even if only a fraction of the fluorescein moieties were exposed to the solvent they would be immediately bound by the antibody, and this binding would shift the equilibrium of internalization toward the outer site, resulting in the formation of the ternary complex, microtubuleligand-antibody that has been trapped by centrifugation techniques. The centrifugation technique does not allow us to discriminate how much of the ligand bound is immediately accessible to the antibody because of the long dead time. The quenching kinetics was measured to check whether the anti- body binds initially to a small fraction of the ligand in the outer site, displacing the internalization equilibrium toward the external site, or whether all of the ligand is exposed to the antibody. When the antibody is mixed with the Hexaflutaxmicrotubule complex the fluorescence intensity change is completed very rapidly (80% of the fluorescence is quenched as for the free Hexaflutax), indicating that there is no restriction for the antibody to access all the binding sites. The reaction has an observed kinetic rate linearly dependent on the concentration of antibody, which indicates a bimolecular reaction between the fluorescent moiety of the ligand and the antibody. It might be argued that the detailed kinetics of the Hexaflutax-microtubule interaction is unknown, so it is not known whether there is the putative internalization kinetic step observed for Flutax-1 and Flutax-2 (11) . In this way the result (Hexaflutax is mainly bound to an external site) cannot be extrapolated to the other fluorescent taxoids. To do so, a similar kinetic experiment was performed using a polyclonal antibody against fluorescein and Flutax-2 as bound ligand. The observed kinetics was fast as well, of the same order of magnitude as that of Hexaflutax, the quenching of the fluorescence was almost complete (90%), and the kinetics of the reaction was dependent on the antibody concentration, indicating that Flutax-2 is also bound mainly to an external site. After quenching, a second kinetic small phase whose rates are coincident with the dissociation of Flutax-2 from its site was observed, indicating that the binding of antibody to the fluorescent probe perturbs the paclitaxel-site interaction. The result implies that the second monomolecular reaction observed previously for Flutax-1 and Flutax-2 binding (11) cannot be assigned to an internalization process and should correspond to a weak binding of the fluorescent moiety.
Protection of the Fluorescent Probe by MAPs-If Hexaflutax fluorescent moieties are exposed in the outer part of the microtubule, it is reasonable to think that the presence of MAPs, which bind to the outer side of the microtubules, should protect them from antibodies. The quenching kinetics of Hexaflutax bound to MAP-containing microtubules is much slower than that of Hexaflutax bound to microtubules assembled from pure tubulin, indicating protection of the bound Hexaflutax.
The protection has been checked as well by following the time course of quenching of ligands bound to native cytoskeletons of PtK2 cells. The kinetics of quenching of Hexaflutax bound to the cytoskeletons is compatible with the quenching of the ligand bound to MAP-containing microtubules, indicating that the binding site is similar both in the reconstituted and the stabilized microtubules and that the presence of cytoskeletal MAPs partially protects Hexaflutax from the antibody. When the same experiment is performed with Flutax-1 or Flutax-2 bound to the site and polyclonal antibody, the ligand is fully protected by the cytoskeletal MAPs.
Fluorescent Taxoids Bind to an External Binding Site That Is Shared with Paclitaxel-The above results indicate that the fluorescent taxoids are bound mainly to an external site. Because it is not possible for the antibody to enter the lumen of the microtubule through any reasonable pores or possible defects in the microtubule wall, and diffusion from the ends would be severely restricted, the fluorescent moiety of the ligands should be necessarily exposed to the outer solvent. The molecular models have shown that it is not possible to expose the fluorescein moieties completely to the outer solvent, while the paclitaxel moiety is bound to its site in the microtubule lumen. It is also known (10, 11, 31, 42, 49 -51 ) that paclitaxel and the fluorescent taxoids compete for the same site with mutual exclusive binding.
Therefore we propose that paclitaxel, Flutax-2, and Hexaflutax bind to an external site on the microtubule surface in the type 1 pores (see Fig. 9 in Ref. 12) . Such location of a microtubule assembly inducer would not be unique because doublecortin, a MAP, binds, covering the microtubule pores and inducing tubulin assembly (52) . Transport of paclitaxel through the pores to the luminal site may be a subsequent step of binding to this final location (although we cannot say from our data whether paclitaxel itself is internalized to the luminal site derived from structural studies on Zn-sheets (20) ), which is restricted in the case of the fluorescent taxoids. Such a mechanism, while keeping the final paclitaxel binding site in the lumen of the microtubule, will justify (a) the easy accessibility of taxoids to their binding site, (b) the absence of the binding site in the nonassembled microtubules, and (c) the influence of taxoid binding in the microtubule protofilament number.
It is known that fluorescent taxoids are able to induce microtubule polymerization (10) , so binding at the outer (Flutax) or inner (paclitaxel) site induces assembly. Binding to the luminal site is then obviously not necessary to induce microtubule assembly, indicating that the proposed ligand-induced conformational change (20, 22, (53) (54) (55) is not required to justify microtubule assembly induction, and suggesting a preferential binding mechanism (the assembly equilibrium is displaced toward the assembled microtubules because of the higher affinity of the ligand for the microtubules than for the soluble dimer).
Implications of the Existence of an External Paclitaxel Binding Site-A relative large number of compounds with microtu- bule stabilizing activity (microtubule-stabilizing agents) have been discovered. The compounds whose activity has been confirmed can be divided into two different groups, those that bind to the paclitaxel site (paclitaxel and its analogs, epothilones, eleuterobins, sarcodyctins, discodermolide, 3,17-diacetoxy2ethoxy-6oxo-B-homo-estra-1,3,5 (10)-triene) (49, 50, 56 -58) , and those that share the laulimalide site (laulimalide and peloruside) (49, 59) .
The compounds that bind to the paclitaxel site are very different from a chemical point of view, although all of them are hydrophobic. If the proposed outer site is just a hydrophobic pocket, it will hold, with lower or higher affinity, a large number of different chemical structures. Some of them (paclitaxel) will induce a conformational change and will be transported to the internal site, whereas others (Hexaflutax, and Flutax-2), which have a negatively charged moiety that may interact with the positively charged residues of the upper part of the pore (12), will not be able to internalize. The assembly induction would be caused by preferential binding, so all of the ligands would have the same effect independently of having a final external or luminal binding site.
It is not known which of the ligands that compete with paclitaxel bind to the inner or outer site, but any ligand that binds to the paclitaxel site in assembled microtubules, including paclitaxel itself, would have to bind to the outer site first (otherwise binding would be extremely slow), then it could stay there or be internalized to the luminal site. Therefore, the outer site should be of great importance for antitumor drug design.
